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astrobiology 
interdisciplinary study of the origin, evolution, 
distribution and future of life in the universe

discovery of 
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experimental milestones

what is habitable?what is life? how to remotely 
detect life?

theoretical issues



simplicity 
smoothness 
equilibrium

complexity 
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disequilibrium

where does life fit in? 
how typical is it? 



all “possible” laws of physics / physical constants

observed 
laws

life needs fine-tuning of physical laws

life will appear in almost any 
physical circumstance

observed laws are environmental 
(multiverse+anthropic selection)

no anthropic explanation

see e.g., Tegmark, Aguirre, Rees 
& Wilczek 2006; Barnes 2012

see e.g., Loeb 2013; Harnik, 
Kribs, and Perez 2006

understanding what life is, what are its limits and what is its distribution in the 
universe might have some impact on cosmology and particle physics



Horneck et al 2016



what can we infer regarding the possible abundance of life in the universe from 
the early emergence of life on Earth?


almost nothing: for example, Spiegel & Turner (2012) use a Bayesian analysis 
to show that the posterior probability for abiogenesis almost completely 
reflects the chosen prior probability; the result, however, changes dramatically 
when one assumes evidence of even just one independent instance of 
abiogenesis, both on Earth or beyond (see also Korpela 2011, Brewer 2008)



where to look for?

3. What Are the Requirements for Habitability?

For any type of habitability to exist, there must be the
possibility of habitable planetary bodies. In the case of our
own galaxy, early star systems near the center may have
been disrupted by intense supernova activity and star for-
mation. Stars too far away from the center may exist in
regions of low metallicity, where many elements are at too
low abundance to form terrestrial-type rocky planets. Thus,
the presence of planetary bodies of relevance to this article
may be restricted to a galactic habitable zone. For the Milky
Way, this has been estimated to be an annulus of 7–9 kpc
(kiloparsecs) from the galactic center composed of stars
formed between 8 and 4 billion years ago (Gonzalez et al.,
2001; Lineweaver et al., 2004). However, this review fo-
cuses on star systems in which habitable planetary bodies
are possible and does not review the conditions required to
give rise to habitable planets in the first place. This topic
was discussed, for instance, by Gaidos et al. (2005).

3.1. Instantaneous habitability and continuous
planetary habitability

In the interests of ordering this discussion, two further
definitions are used. Instantaneous habitability is defined as
the set of conditions at any given place in an instant in time
that will support habitability. Continuous planetary habit-
ability is defined as the set of conditions on, or in, a plan-
etary body that can support habitable conditions in at least
part of the planetary body over geological time periods. In
general, instantaneous habitability applies to localized (mi-
cron to macroscopic scale) conditions on a planetary body
that support the activity of organisms. In contrast, continu-
ous planetary habitability refers to the ability of an entire
planetary body to support habitable conditions somewhere
on its surface, or within its interior, over geological time-
scales. These definitions are not merely semantic. They al-
low the separation of two distinct discussions. The rest of
this review is focused on considering the conditions that
allow for habitable environments.

4. Instantaneous Habitability

At an instant in time in a particular location, a set of
requirements for all known organisms to be active can be
identified (Fig. 3). They are

(1) A solvent.
(2) Appropriate temperature conditions and other physi-

cochemical conditions (such as water activity).
(3) Available energy.
(4) Major elements required by all known life (CHNOPS).
(5) Other elements required by a specific organism.

These requirements can be assessed for any given environ-
ment or planetary body. For an environment to be habitable,
they must be present and colocated at the scale of the or-
ganism (Fig. 3). However, it is also possible to more ge-
nerically catalogue the presence of these requirements on
planetary bodies as a first-order assessment of whether a
planetary body is likely to host instantaneously habitable
conditions on some part of its surface or interior. These
Planetary Habitability Tables are shown for Earth, Mars,
Europa, and Enceladus in Tables 1–4.

4.1. A solvent

Liquid water is the solvent required for biochemical re-
actions to occur. At the current time it is the only compound
known to be used by life as the primary biochemical solvent,
although there have been speculations about the use of
liquid ammonia, organic solvents (such as methane and
ethane), formamide, and even sulfuric acid (Benner et al.,
2004; Schulze-Makuch and Irwin, 2006). As we do not
know of organisms that use these alternative liquids, we do
not consider these possibilities further. For liquid water to
be present in any location at a given time, there must be
environmental conditions of temperature, pressure, and
chemical impurities that allow water to fall within the liquid
phase space determined by the equation of state. This is
dependent on a set of planetary conditions that are discussed
under continuous planetary habitability.

4.2. Appropriate temperature conditions and other
physicochemical conditions

The presence of liquid water is a fundamental require-
ment for any form of known life, but its presence may not
define an environment as suitable for life. Given the limi-
tations to the activity of life, only part of the phase space of
liquid water is habitable.

The lower limit for metabolic activity in microbes is
thought to be *-25!C ( Junge et al., 2004; Mykytczuk
et al., 2013; Clarke, 2014). No convincing evidence for
reproduction has been demonstrated below *-15!C
(Breezee et al., 2004; Wells and Deming, 2006), although
longer-term experiments and more sophisticated approaches
may well change this assumption. Liquid water can exist at
below this temperature at values that are applicable to
planetary environments. For example, eutectic solutions of

Habitable

Elemental
requirements
(CHNOPS and
other trace elements)

Energy

Solvent (water)
Appropriate
physicochemical
conditions

FIG. 3. Instantaneous habitability. A series of physico-
chemical requirements must come together at the spatial
scale of an organism to allow that organism to be active in a
given environment (adapted from Hoehler, 2007).
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Temperature	limits	for	life	
1960		= 65oC
1980		= 101oC
2004		= 118oC

Deinococcus radiodurans
20	kGy ionizing radiations

Xerophiles

spacephiles
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1/Q is the energy dissipation function:  

Q=13 for Earth today, Q~100 in the primordial Earth

note that for M-dwarfs (the most 
abundant type of star in the Galaxy), 
planets in the CHZ are likely to be 
tidally locked 
(also: 1) strong flare activity — how this affects 
atmosphere & surface life? 2) peak in the red 
and infrared part of the spectrum — how this 
affects photosynthesis?) 

see e.g. Kasting et al 1993

circumstellar habitable zone (CHZ)
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but real life is complicated…



Venus: too thick CO2 
atmosphere (90 bar), runaway 
greenhouse, lack of tectonic, 
T~500°C


Mars: too thin CO2 atmosphere 
(0.006 bar, close to water triple 
point), no greenhouse, no 
magnetic field, lack of 
tectonic, volcanism, T~-50°C


they both had milder 
conditions in the past, with 
strong evidence for stable 
liquid water on Mars

lessons from the solar system



• Today, the dry dusty soil at the surface of Mars is unlikely to be habitable because of high levels of 
high-frequency UV radiation and of oxidation due to peroxide and perchlorate 


• No sign of present life was conclusively found on Mars by probes explicitly designed with this 
science goal (Viking mission, 1976)


• Life could have originated on Mars in the past and gone extinct, or it might still be present in 
isolated niches (e.g. below the surface or beneath rocks)


• ExoMars will look for present and past signs of life

habitability of Mars



habitability outside the CHZ
example: icy moons of the Solar System (Europa, Enceladus)

Ice-Water-Rock Processes:  
Europa and Sub-glacial Lake Vostok 
or Whillins 

Priscu & Hand 2012, Microbe 7:167-172 

more to come from 
present (Cassini) and 

future (i.e. JUICE) 
space missions 



habitability outside the CHZ
example: Titan

• rocky active surface, covered with ethane-methane lakes, possibly criovolcanism and a 
methane cycle 

• thick atmosphere, mostly gaseous nitrogen 
• internal structure models include the possibility of a subsurface water ocean 
• photochemical reactions allow for production of rich organic compounds, including HCN, 

shown to be a precursor of aminoacids in Miller-Urey experiments 
• interesting laboratory for complex organic chemistry, including reactions which might 

have taken place on early Earth 
• life is unlikely at temperatures as low as those on Titan surface and in liquid 

hydrocarbons, but there may be better conditions under the surface 
• might be very similar to the most common kind of rocky planets in the galaxy, those 

orbiting M2 (red dwarf) stars 
• any life form on Titan would be radically different than on Earth, opening exciting 

possibility for a completely independent origin



Seager 2014

extended habitable zone



Lineweaver et al. 2004

galactic habitable zone



1890 
confirmed planets 

(15/9/15)

51 Pegasi 
first planet around a 

normal star

Kepler launch

first observed transit



radial velocity transit

• current sensitivity ~1 m/s

• signal from earth-like exoplanets 

~10 cm/s (within reach of next-
generation ultra-stable 
spectrometers)


• measurement of mass (lower limit) 
and period


• 549 confirmed planets until now

• signal from earth-like exoplanets 
~10-4 (within reach of current space 
observations)


• low success rate due to geometric 
alignment probability


• measurement of radius and period

• atmosphere characterization

• 1233 confirmed planets until now
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“Advances in Exoplanet Science from Kepler” 
Lissauer, Dawson & Tremaine, Nature 2014

radius vs mass and estimated composition for Kepler exoplanets







22% of G stars 
statistically has an
Earth-sized planet

11 billion
potentially habitable exoplanets

50% of M stars 
statistically has an
Earth-sized planet

40 billion
potentially habitable exoplanets

200 billion
stars in the Milky Way

Petigura et al 2013; Kopparapu 2013; Dressing & Charbonneau 2015

estimates for the Milky Way



Cowan et al. 2015

in principle, the main factors 
influencing the climate of 
exoplanets can be empirically 
determined by photometric and 
spectroscopic observations


for terrestrial planets this will be 
extremely difficult, but might be 
within the reach of next-decade 
instruments (JWST, E-ELT)



how to look for life (biosignatures)

atmospheric spectrum surface spectrum

• look for atmosphere with gases out of thermochemical redox equilibrium 
(ideally, redox pairs such as O2—CH4)


• caveats: 

• biosignatures can change significantly over time (cfr. past Earth history)

• false positives are possible (e.g. O2 from photodissociation of H2O) 



before leaving for the 
Jupiter system, the 
Galileo probe was 
used to look for 
biosignatures from 
Earth

red edge

earth as an exoplanet



Seager 2014

(Top) Visible wavelength spectrum from Earthshine 
measurements plotted as normalized reflectance (Turnbull et al 
20067).  

(Middle) Near-IR spectrum from NASA’s Extrasolar Planet 
Observation and Deep Impact Extended Investigation mission, 
with flux in units of watts meter−2 micrometer−1 (Robinson et 
al. 2011).  

(Bottom) Mid-IR spectrum as observed by Mars Global 
Surveyor en route to Mars, with flux in units of Watts meter−2 
Hertz−1   (Christensen et al 1997)

• obtaining similar atmospheric spectra for Earth-like planets is not a near-
term goal


• some nearby super-Earth atmospheres around M-dwarfs might be 
observable in a ten-year time span (e.g. from JWST or ground based large 
telescopes) 


• lots of theoretical modeling + laboratory measurements needed in the 
meantime (“Atmosphere in a Test-Tube” project, with R. Claudi et al.)



extremophiles survival (and biosignatures) in 
simulated icy moons environments

with D. Billi (U. Tor Vergata), A. Ceccarelli, E. Pettinelli (U. Roma Tre)

Sample preparation to study extremophile survival 
in laboratory ice-liquid water systems simulating 
salt (or acid)/ice mixtures, as expected for the icy 
crusts of Europa, Ganymede, Callisto and 
Enceladus.


The project uses the cold camera facility in Roma 
Tre and the collection of extremophiles in Roma Tor 
Vergata. 


In addition to studying the survival rates, we plan 
to conduct spectroscopic measurements on the 
ice samples in order to detect differences due to 
the presence of living organisms.



photosynthesis around M-dwarfs

with R. Ferrazzoli, D. Billi (U. Tor Vergata)

chlorophyll absorbs light preferentially at 
wavelengths ~450 nm and ~680 nm… …but if one looks into even longer 

wavelengths (near infrared) finds a 
reflectivity increase of a factor 10 
called vegetation red edge

the red edge might be a useful biosignature, but there can be abiotic mechanisms producing similar lines; 
also, photosynthetic life around other stars with different emission spectra can have adapted differently 

… and is reflected preferentially in the 
green part of the spectrum



super-Earth around M dwarfs stars are an interesting target:

• M dwarfs are more abundant and long-lived than G-type stars

• transits are easier to detect with present-day technology (shorter period, larger 

flux variation during transit)

• lower levels of UV radiation in older M stars, decreasing the probability of 

destruction of biosignature gases and of false positives


but: habitable zone is closer to the star (tidal locking, flares, etc)

1. study the response of extremophile 
microorganisms capable of photosynthesis 
in the IR to simulated M starlight


2. measure the reflectance spectra of such 
organisms in laboratory conditions


3. model the expected signal from realistic 
exoplanetary surface coverage

theoretical studies of the possibility of “exo-vegetation” (Wolfencroft & 
Raven 2002, Kiang et al 2007) + the existence of alternative 
photosynthetic paths on Earth (Mielke et al., 2011; Gan and Bryant, 
2015), motivate the study of photosynthesis around M dwarfs

286 Erculiani M. S.: State of the art at the Astronomical Observatory of Padova

of chlorophyll f under artificial white light.
C. fritschii produced chlorophyll f and chloro-
phyll d when cultured under natural light to
a high culture density in a 20 L bubble col-
umn photobioreactor. In figure 1 are shown dif-
ferent images of these biotypes. Ostreobium
sp. is a green alga. The plants consists of en-
dozoic (endolithic) branched siphonous fila-
ments 1-160 µm in diameter. Filaments are
straight and sparsely branched or forming ir-
regular, tangled networks. They form cylin-
drical portions and/or with inflated regions.
Chloroplasts are small, spherical or polyhedral
to reticulate with no presence of pyrenoids.
Cell walls are thin and undi↵erentiated to thick
and lamellose. Their reproduction is by quadri-
flagellate zoospores known only Ostreobium
quekettii. Ostreobium marine is widely dis-
tributed in tropical to temperate areas, grow-
ing primarily in calcified substrata including
corals, calcified red algae and old mollusk
shells. Ostreobium is among the deepest grow-
ing macroalgae in both temperate and tropical
regions. Physiological studies on in situ photo-
synthesis by Ostreobium confirm low levels of
light requirements and an ability to utilize near
infra-red light greater than other green algae.
A modified photosystem I reaction centre was
hypothesized to account for this.

For a good calculation of the metabolic
evolution in time there would need many pa-
rameters. In fact, studies show that bacteria O2
productivity is directly dependent on bacteria
growth and pigment concentration as well as
the light irradiation. Bacterial growth can be
fitted with a Gompertz curve with three free-
dom degrees.

2.2. The experiment

The instrument that will be used to carry out
the experiment is MINI-LISA. It has originally
been created by the Astronomy Department
of University of Padua to study how living
bacteria, mosses and lichens could survive in
a Martian atmosphere. The main structure is
a steel cylinder inside which are located one
cell (inside which biological samples can be
placed) with a 600 cm3 capacity (0.6 l) and

Fig. 1. In figure we can see samples of (a)
Physcomitrella growing on agar plates by
Sabisteb�Anja Martin from the Ralf Reski
lab. (b) Chlamydomonas reinhardtii, (c)
Synechococcus sp. strain PCC 7002, (d)
Halomicronema hongdechloris (Chen et
al. 2012), (e) Acaryochloris marina, (f)
Ostreobium quekettii and (g) Chlorogloeopsis
fritschi.

topped by a Borofloat glass window transpar-
ent from UV to NIR figure 2.

The cell is connected with the outer part by
pipes at the end of which are implemented me-
chanical filters to let gas mixture to course and
at the same time avoid biological material to go
through the pipes inside the cryostatic chamber
located at the base of LISA-SAM. Until now,
the cooling process have been made by con-
tact, with an aluminium plate located on the
liquid nitrogen reserve (Ranger Air Liquide),
but as biological samples should be kept at a
mean temperature of 293 K, there is no need
of liquid nitrogen to reach this temperature and
this goal could be easily achieved with a Peltier
cell kept under the cells. This way the tempera-
ture can be raised or lowered. For practical and
energetic reasons we are trying to understand
how to customize MINI-LISA to perform a sin-
gle sample experiment. As shown in Figure 2
the reaction cell is isolated from the rest of the
Dewar. This allow to evacuate the space be-
tween the cell and the Dewar walls by the use
of a vacuum turbo-pump.



real observations will be extremely challenging

• the planet is unresolved, and its light is not 

separable from that of the star

• cloud coverage introduces significant uncertainty 

Tinetti et al 2006

φ

Stellar light, unpolarized:
P < 10-6 

Light scattered by atmosphere/surface,
linearly polarized perpendicular to scattering plane

P = 10-2 - 1 

Stam 2008

observing the polarized signal might 
increase the chance of detecting and 
distinguishing photosynthetic pigments (use 
phase modulation, angle dependence, 
differential measurement)

ocean world

bio-pigments



Conclusions
• astrobiology is a relatively new field, and requires a very broad range of 

competences from different research areas: interdisciplinary collaboration is 
strongly encouraged


• in the coming years, new data will allow for the possibility of searching for signs of 
life beyond Earth, both in and out the solar system


• in the near term, a number of existing and planned astrophysical observations have 
a relevance for the topic: 


- exoplanets discovery and characterization from space: 

‣ CHEOPS (ESA, 2017)

‣ PLATO (ESA, 2024)

‣ TESS (NASA, 2017)

‣ JWST (NASA, 2018)

‣ ARIEL (ESA, proposed, 2026)


- exoplanets discovery and characterization from the ground:

• HARPS (@3.6 m La Silla Observatory Chile, operative)

• HARPS-N (@3.6 m Telescopio Nazionale Galileo, La Palma, operative)

• ESPRESSO (@8 m Very Large Telescope, Chile, 2016) 

• CODEX (@39 m Extremely Large Telescope, Chile, 2024)


- solar system exploration

- JUICE (observation of Jupiter icy moons, launch planned in 2028),

- ExoMars (first phase in action, second phase launches in 2018)


- very long term goal: direct imaging of earth-like exoplanets

- lots of theoretical work & modeling need (habitability, biosignatures, etc)

- very exciting prospects, but chances of success depends on how common life is: 

anyway, we will learn much along the way…


